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Research Highlights
- The incorporation of copper into the lattice distorts the perovskite structure.
- BaTi1-xCuxO3 catalysts are active for NO to NO2 oxidation and for NOx adsorption.
- NOx storage capacity of the BaTi1-xCuxO3 catalysts increases with copper content.
- BaTiCu2 shows a NOx storage capacity close to noble metal-based catalysts.
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Abstract
BaTi1-xCuxO3 perovskites have been prepared by the Pechini’s sol-gel method and the effect of 
copper in the structural and physico-chemical properties of the perovskites and in the 
performance of the catalysts for NOx storage has been studied.
XRD and Raman spectroscopy results indicate that all the copper containing catalysts present a 
distortion of the original tetragonal structure due to the incorporation of copper into the lattice. 
The XPS and H2-TPR results reveal that the copper catalysts, except for BaTiCu0.5 catalyst, 
present two copper species (with different electronic interaction with the perovskite) and active 
surface oxygen species. Additionally, it seems that the fraction of copper with a strong electronic 
interaction with the perovskite or incorporated into the perovskite structure increases with the 
copper content.
The active sites created on the BaTi1-xCuxO3 perovskite surface bring to the catalysts activity for 
the NO to NO2 oxidation and for the NOx adsorption. The NOx storage capacity increases with 
the copper content and reaches a limit for the BaTiCu2 catalyst (300 µmol/g, at 420ºC) which is 
within the range of the values reported for the noble metal-based catalysts.
Keywords
Perovskite, NOx storage, copper, sol-gel method, NO to NO2 oxidation
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Graphical Abstract
I. Introduction
The main pollutants emitted by diesel engines are nitrogen oxides (NOx) and soot particles. Due 
to their adverse effects on the environment and human health, the concentration of these 
pollutants is limited by legislation. In order to meet the current and upcoming Emission Standard 
Legislation (Euro VI (2014) regulations in Europe), the removal of NOx and soot from diesel 
exhaust is a research issue of great interest [1, 2]. Currently, Diesel Particulate Filters (DPF) [3]
are used for soot control in diesel exhaust but, the NOx control is still unresolved because the
three-way technology, used on gasoline-powered engines, is unable to reduce NOx under the 
usual lean conditions of diesel engines and lean burn gasoline engines. There are three 
alternatives for NOx conversion into innocuous gases [4]: (i) direct decomposition, (ii) selective 
Page 4 of 38
Ac
ce
pte
d M
an
us
cri
pt
4
catalytic reduction (SCR), and (iii) NOx Storage and Reduction (NSR), also known as Lean NOx 
Trap (LNT) [5, 6]. The direct decomposition of NO is thermodynamically favorable, but the high 
activation energy of the reaction limits the practical use of this approach. SCR is based on the
NOx reduction using H2, hydrocarbons, NH3 or urea in the presence of a selective catalyst able to 
promote the NOx reduction reaction in an oxygen rich environment [1, 7, 8]. NSR, which is the 
approach used in this study, works under cyclic conditions: i) under lean conditions, when 
oxygen is in excess, NOx is adsorbed on the catalyst, and ii) under rich conditions, achieved by 
adding a reductant, the NOx reduction takes place [9]. A typical NSR catalyst, as that proposed 
by Toyota, is based in a high surface area support material (often alumina), a NOx storage 
material (Ba or K) [9] and a noble metal able to catalyze the NO oxidation to NO2, under lean 
conditions and, also the reduction of the stored NOx, under rich conditions [1, 4]. The most 
efficient catalysts used for NSR are based in platinum supported on mixed oxides or zeolites. 
However, this composition presents certain limitations, such as: i) reduction of the NOx storage 
capacity at temperature above 450°C, ii) low thermal stability, iii) catalyst poisoning by 
formation of barium carbonates and sulfates [10-14] and iv) unsatisfactory efficiency for certain 
applications, such as lean burn gasoline engines (GDI, gasoline direct injection), with exhaust 
temperatures as high as 400-500ºC [15]. Nowadays, an intense research is being carried out in 
order to propose alternatives to the use of noble metal-based catalysts for NSR able to work even 
at high temperatures (400-500ºC) [16].
The BaTiO3 mixed oxides, with perovskite structure, are being widely used as multilayer 
capacitors (MLC), sonar and ultrasonic transducers, positive temperature coefficient (PTC) 
heaters, sensors, and ferroelectric thin-film memories [17-21] due to its ferroelectrics, dielectrics, 
piezoelectrics and pyroelectrics properties [18, 21, 22].
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The perovskites are mixed oxides with ABO3 stoichiometry with an ideal structure which must
keep the relation )(2 oBoA rrrr  [23]. Interestingly, a lot of multi-components mixed 
oxides can be obtained by partial substitution of A and B cations. This substitution does not 
cause a change in the structure but it generates a modification of the physico-chemical properties
of the raw mixed oxides. The tolerance factor, t, introduced by Goldschmidt [24], 
)(2/ oBoA rrrrt  , is being used for measuring the degree of distortion generated by the 
substitution process. The t values for perovskites are between 0.75 and 1 (for an ideal structure).
Partial substitution of cations could produce a non-stoichiometric perovskite with cationic and/or 
oxygen vacancies to fulfill the conditions of electro-neutrality of the solid [25]. The partial 
substitution of cations without affecting the perovskite structure has increased the interest of 
using these mixed oxides as catalysts. Additionally, perovskites are cheap and present a high 
thermal resistance; so, since the seventies, perovskites are being used also as catalysts.
Looking for alternatives for current platinum-based NSR catalysts, mixed oxides with perovskite 
structure have been recently used for NOx storage and reduction [26-36]. Thus, Ueda et al. [30]
employed a (La0.7Ba0.3)(Fe0.776Nb0.194Pd0.03)O3 perovskite as an effective NSR catalyst. Hodjati et 
al. [29] analysed the NOx adsorption-desorption processes on ABO3 perovskites, with A = Ca, 
Sr, or Ba and B = Sn, Zr, or Ti, and they concluded that for A sites, the activity order is Ba 
>Sr>Ca and, for B sites, it is Sn>Zr> Ti. Kim et al. [31] showed that lanthanum perovskites (La1-
xSrxCoO3) present a NO to NO2 oxidation behavior close to platinum based catalysts. Also, Li et 
al. [34] demonstrated that these lanthanum based perovskites exhibit a high NOx conversion and 
N2 selectivity for different gas composition. Furthermore, it was proved that the incorporation of 
Fe into the perovskite structure improves the sulfur tolerance of the catalysts [35, 36]. In 
previous papers [32, 33], the authors concluded that the incorporation of copper into the structure 
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of SrTiO3 perovskites (SrTi1-xCuxO3) produces catalysts with a high capacity for the NO 
oxidation to NO2 and for the NOx storage. 
Considering that Ba [29] presents a higher NOx adsorption capacity than Sr and the role of Cu 
previously indicated [32, 33] the aim of this study is to determine the effect of copper in the 
structural and physico-chemical properties of a BaTiO3 perovskite, as well as to test the 
performance for the NOx storage of four copper perovskite catalysts with different copper 
content (BaTi1-xCuxO3).
II. Experimental
Catalysts preparation 
BaTi1-xCuxO3 catalysts (x = 0.05, 0.1, 0.2 and 0.3) were prepared using the Pechini’s sol-gel 
method [37] modified to be used in an aqueous media [38-40]. Titanium isopropoxide, barium 
acetate and copper nitrate were used as precursors. In brief, the titanium isopropoxide (Ti) was 
hydrolyzed and the resulting species was dissolved in an aqueous solution of citric acid (CA) 
(Ti:CA = 1:2) and hydrogen peroxide (Ti:H2O2 = 2:1), forming the citrate-peroxo-titanate (IV) 
complex. Afterwards, the pH was adjusted to 8.5 with NH3, and barium (Ba:Ti = 1:1) and copper 
precursor were added using the amount corresponding to the stoichiometry (BaTi1-xCuxO3). The 
solution was kept at 65ºC for 5h, until a gel was obtained, which was later dried at 90ºC for 24h 
and, finally, calcined at 850ºC for 6h.
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Catalysts characterization
The copper content of catalysts was measured by ICP-OES in a Perkin–Elmer device, model 
Optimal 4300 DV. For this purpose, the metal was extracted from catalysts by refluxing them in 
8M HCl solution for 2h.
The BET surface areas were determined by physical adsorption of N2 at –196ºC in an automatic 
volumetric system (Autosorb-6B from Quantachrome) after degassing the samples at 250ºC for 
4h.
The crystalline structure was obtained by XRD and Raman spectroscopy. X-ray diffractograms 
were recorded in a Seifert powder diffractometer, using CuKα (0,15418 nm) radiation. 
Diffractograms were registered between 2θ angles from 20 to 80º, with a step of 0.02º and a time 
per step of 3 seconds. Raman spectra were obtained using a Bruker RFS 100/S Fourier 
Transform Raman Spectrometer with a variable power Nd:YAG laser source (785 nm).
XPS were obtained using a K-Alpha Photoelectron Spectrometer by Thermo-Scientific with an
Al Kα (1486.7 eV) radiation source. To obtain XPS spectra, the pressure of the analysis chamber 
was maintained at 5∙10-10 mbar. The binding energy (BE) and kinetic energy (KE) scales were 
adjusted by setting the C 1s transition at 284.6 eV, and the BE and KE values were then 
determined with the peak-fit software of the spectrometer.
Temperature Programmed Reduction experiments with H2 (H2-TPR) and Temperature 
Programmed Desorption (TPD) were carried out in a Micromeritics device (model Pulse 
ChemiSorb 2705). The sample was heated at 10ºC/min from 25 to 900ºC under a 5% H2/Ar flow 
(40 ml/min, Ptotal = 1 atm) for the H2-TPR experiments and under a He flow (40 ml/min, Ptotal 
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= 1 atm) for the TPD experiments. A TCD detector was used to determine the outlet gas 
composition. A CuO reference sample supplied by Micromeritics was used to quantify H2
consumption.
NOx storage tests
NOx storage tests were performed in a fixed-bed reactor at atmospheric pressure under a gas 
flow (500 ml/min) containing 500 ppm NO, 5 % O2 in N2 balance. The catalytic bed was 
composed by 80 mg of catalyst and 320 mg of SiC. The gas composition was monitored by 
specific NDIR-UV gas analysers for NO, NO2, CO, CO2 and O2 (Rosemount Analytical Model 
BINOS 1001, 1004 and 100). Temperature programmed reactions (10ºC/min from room 
temperature to 800ºC) were performed using the as-prepared catalyst. NOx conversion profiles 
were determined as a function of temperature using the following equation:
100(%)conversionNOx 
in
outin
NOx
NOxNOx
     (1)
where “NOxin” is the concentration of NOx (= NO+NO2) fed to the reactor, “NOxout” and 
“NO2out”, are the concentration of NOx and NO2 which left the reactor.
The percentage of NO2 generated during temperature programmed reactions was calculated by 
using:
100(%) 22 
out
out
NOx
NO
NO     (2)
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For isothermal experiments consecutive NOx storage-reduction cycles were carried out, at the 
selected temperature, using the same batch of sample and a gas flow of 500 ml/min (GHSV
30000h-1). The NOx storage capacity was determined by carrying out ten consecutives storage –
reduction cycles, using the following procedure: i) during the rich cycle (3 minutes), a rich gas 
flow (10% H2 as model reductant in N2 balance) was fed through the reactor while a lean gas 
flow (500 ppm NO + 5% O2 in N2 balance) was fed, by a bypass path, through the gas analysers, 
ii) at the  required time, the gas paths were changed and during the lean cycle (5 minutes), the 
lean gas flow was fed through the reactor and, subsequently, to the gas analysers. This procedure
was also carried out using a reactor without catalyst (400 mg of SiC) to determine the NOx,inlet
response of the gas analysers. Note that, even the time of rich and lean cycles is far from that of 
the realistic conditions, it is convenient to determine the ability of catalysts for NOx storage. 
The NOx storage capacity was calculated as the difference between the NOx signal when the 
reactor is empty and the NOx signal when the reactor is filled with a catalyst, by using:
     ftt xinletx dttNOtNO0 exp,,storageNOx      (3)
where “NOxinlet” is the concentration of NOx (= NO+NO2) measured for the empty reactor, and 
“NOx,exp”, is the concentration of NOx during the NOx storage test.
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III. Results and discussion
Textural and structural characterization 
The copper content (measured by ICP-OES) and the BET surface area (obtained from N2
adsorption isotherm) for BaTi1-xCuxO3 catalysts with different copper content (x= 0, 0.05, 0.1, 
0.2, 0.3) are included in Table 1. 
The ICP-OES results reveal, as expected, that all the copper added during synthesis process is 
present in the catalysts. The N2 adsorption isotherms and the BET surface areas obtained for the 
catalysts, and calculated from the isotherm data by applying the BET equation [41], are the 
corresponding to solids with negligible porosity, as mixed oxides with perovskite structure are 
[23, 32]. However, the BET surface areas show a slight increase with the copper content as 
consequence of the creation of oxygen vacancies on the catalyst structure, due to the presence of 
copper into the lattice as it will be discussed below.
Figures 1a and 1b show the XRD patterns of catalysts including the corresponding to a 
commercial BaTiO3 (Sigma-Aldrich) used as reference material (BaTiref). All the XRD patterns 
show the main peaks corresponding to the tetragonal BaTiO3 perovskite at 2θ: 22,3º; 31,4º; 38,8º; 
45,2º; 51,0 º; 56,1º; 65,8º; 74,9º; for (100), (110), (111), (200), (210), (211), (220) and (310)
lattice planes, respectively [42].
For copper-perovskites BaCO3 and Ba2TiO4 are also identified as segregated phases. The BaCO3
is formed by the carbonation of segregated barium oxide during samples atmospheric exposure. 
Note that the intensity of the corresponding peaks increases with the copper content.
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In addition, for high copper content BaTiCu2 and BaTiCu3 catalysts, the presence of CuO and 
TiO2 (rutile) [43] as segregated phases are also identified. This indicates that only a fraction of 
Cu loaded was incorporated into the perovskite structure. Also, a decrease in the intensity of the 
perovskite main peak (110) and a shift to a higher diffraction angle are observed for BaTiCu2 
and BaTiCu3 catalysts (Figure 1b). On the contrary, for low copper content BaTiCu0.5 and 
BaTiCu1 catalysts, peaks corresponding to CuO and TiO2 (rutile) are not clearly observed, so, it 
means that these phases are not segregated or, if they are, they present a crystallite size under the 
detection limit of XRD technique.
The average crystal size for all catalyst, including the commercial BaTiO3, was calculated from 
the Full Width at Half Maximum (FWHM) of the (110) peak by using the Scherrer equation and 
the data are also included in Table 1 [44]. Identical average crystal sizes are obtained for bare
perovskites BaTi and BaTiref (29 nm) while, for copper catalysts, the average crystal size is 
larger, ranging from 35 nm to 38 nm.
Hakuta et al. [42, 45] proposed that by comparing the FWHM of (200) and (111) XRD peaks
(Figure 1b), it is possible to determine if a perovskite presents a cubic or a tetragonal structure. 
Thus, if FWHM of (200) peak is larger than FWHM of (111) peak, it can be established that the
perovskite presents a tetragonal structure. Table 1 shows that the FWHM (200) / (111) ratio is
higher than 1 for all samples and, consequently, it can be concluded that the synthesis method 
produces perovskites with tetragonal structure. Using Difracc plus software ®, and the position 
of the (110) and (111) peaks (Figure 1b), the lattice parameters a and c corresponding to 
tetragonal structure were calculated and the data are also featured in Table 1. These parameters, 
and mainly the parameter a, are different for BaTi1-xCuxO3 catalysts. Thus, even though a clear 
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relationship with the copper content is not observed, these data suggest a distortion of the 
tetragonal structure due to copper incorporation into the perovskite structure.
The tetragonal structure of BaTi1-xCuxO3 catalysts has been verified by Raman spectroscopy and 
the spectra are shown in Figure 2. According to literature [46-48], the BaTiO3 perovskite 
presents a tetragonal structure between 5ºC and 120ºC, and a cubic structure at temperature 
above 120ºC. The cubic structure belongs to space group Pm3m which does not present first-
order Raman-active modes and, consequently, their spectra do not show any band. However, the 
tetragonal structure belongs to space group P4mm and it presents bands at, approximately, 180
cm-1, 265 cm-1, 305 cm-1, 520 cm-1 and 720 cm-1 corresponding to irreducible representations 
(A1(LO)), (A1(TO)), (B1), (A1, E(TO)) and (A1, E(LO), respectively [47, 49]. The band located 
at 305 cm-1 is the most often used to differentiate between the cubic and tetragonal structure by 
Raman spectroscopy because this peak disappears when the tetragonal structure is not the main 
one. The Raman spectra of Figure 2 indicate that bare perovskites (BaTi and BaTiref) present a
tetragonal structure. The incorporation of copper, as it was previously shown by XRD data, 
causes a distortion of the tetragonal structure which leads to a dramatic peaks broadening in the 
Raman spectra even though they do not disappear. In addition, the Raman spectra for BaTi1-
xCuxO3 catalysts present a new band at ca. 750 cm
-1 corresponding to a Ba2TiO4 phase, which is 
fairly observed for BaTiCu3 and BaTiCu2 [50, 51]. This founding agrees with XRD results and 
confirms that the copper incorporation causes the segregation of phases in the catalysts. 
Therefore, from Raman spectroscopy and XRD data, it can be concluded that copper produces a 
distorsion of the tetragonal perovskite structure and generates the segregation of BaCO3, TiO2, 
Ba2TiO4 and CuO phases, mainly for high copper content BaTiCu2 and BaTiCu3 catalysts.
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XPS characterization
XPS analysis provides additional information about the surface composition of the BaTi1-xCuxO3
perovskite catalysts. The XPS profiles corresponding to the Cu 2p3/2 transition and O1s 
transition, shown in Figure 3a and 3b respectively, offer information about the copper and 
oxygen species present on the catalyst surface. 
Reduced copper species, such as metallic copper or Cu2O, usually appear at binding energy (BE) 
close to 933 eV but, for Cu(II) species, the Cu 2p3/2 transition appears above 933 eV [33, 52-54].
In Figure 3a, it is observed that the BE maximum of the main XPS band appears above 933 eV 
for all copper catalysts, suggesting the presence of Cu(II) species. Cu(I) and Cu(II) species can 
be distinguished by the presence of a satellite peak at 942-945 eV due to an electron transfer 
from Cu2p3/2 to 3d free level of Cu(II) [52]. All the copper catalysts show the satellite peak 
which indicates, also, the presence of Cu(II) species.
The deconvolution of the normalized Cu 2p3/2 bands reveals two contributions with maxima at 
933.50.4 eV and 935.50.2 eV which seem to correspond to two different Cu (II) species: i) the 
band at lower BE, assignable to copper species with a weak electronic interation with the
perovskite, that is, to CuO species located on the surface (CuS) and, ii) the band at higher BE,
corresponding to copper species with a strong electronic interaction with the perovskite (CuL)
[55]. Table 2 features some relevant data obtained from XPS results. It is observed that the 
percentage corresponding to the area of the XPS band at 935.50.2 eV (CuL band) increases with
the copper content (from 43% to 53%), suggesting that the presence of copper with a strong 
electronic interaction with the perovskite is favoured as copper content increases. In fact, 
BaTiCu0.5 catalyst does not show the presence of CuL, while the percentage increases with the 
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copper content for the other three catalysts. Additionally, by comparing the Cu/Cu+Ti+Ba ratio 
calculated by XPS with the corresponding nominal ratio, it is deduced that copper has to be 
incorporated into the catalyst structure, since the XPS ratio and the nominal ratio are similar. 
(For BaTiCu2 XPS ratio is even lower than the nominal ratio.) On the other hand, the Cu+Ti/Ba 
ratio values (Table 2) are close to 0.5, which is far from 1, the value for the BaTiO3 reference 
catalyst, and similar to the expected value for a Ba2TiO4 mixed oxide. On the contrary, the bare 
BaTi perovskite shows a Cu+Ti/Ba ratio similar to the obtained for the BaTiO3 reference catalyst 
(BaTiref). These XPS results, in agreement with the XRD and Raman results, suggest that the 
addition of copper promotes the formation of Ba2TiO4 on the catalysts surface. 
Figure 3b shows the XPS spectra of the O1s transition for all catalysts which are similar to those 
reported for other mixed oxides as CexLa1-xO2 (x = 25, 50 or 75) [56], SrTiCuO3 perovskites [33]
and La1−xSrxMO3 (M = Co0.77Bi0.20Pd0.03; 0 ≤ x ≤0.8) [57]. After the bands deconvolution, three 
contributions at approximately 530 eV, 532 eV and 534 eV are identified: i) the O 1s band at ca. 
530 eV corresponds to lattice oxygen of metal oxides (OL) [58], ii) the band at ca. 532 eV has 
been assigned to adsorbed oxygen species, O2
2-, surface carbonates, CO3
2-, and/or hydroxyl 
groups, OH-, (O*) and iii) the band at ca. 534 eV is associated with adsorbed water (H2O) [56-
59]. The intensity of these bands notably changes for copper perovskites, thus, the band at the 
lowest BE (OL) decreases and the bands at higher BE (O* and H2O) increase with copper 
content. In Table 3 it is observed that the percentage corresponding to the area of the O* band is 
larger for copper perovskites (around 50%) than for bare perovskites (around 35%). This seems 
to indicate the presence of a larger amount of oxygen surface species - such as O2
2- species, OH-
groups, and/or carbonates - on copper perovskites. These oxygen surface species have been
formed on the oxygen vacancies created on the perovskite surface after copper incorporation.
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From XRD and Raman spectroscopy data it is concluded that the incorporation of copper into 
perovskite lattice produces a distortion of the tetragonal structure of the catalysts. Furthermore, 
the substitution of Ti4+ by Cu2+cations causes a positive charge deficiency that could be 
compensated by the formation of oxygen vacancies [23] where oxygen surface species could be 
formed. Also, the presence of some Ti3+ species has been suggested as other possibility to 
stabilize the high oxygen vacancies level. In spite of this, the XPS profiles corresponding to the 
Ti 2p show only one peak at ca. 458 eV, which indicates that Ti4+cations is the unique titanium 
oxidation state [60] and therefore, the presence of Ti3+cations can be ruled out. Thus, the 
electroneutrality of the perovskite after the copper incorporation into the structure has to be 
achieved by the creation of oxygen vacancies, that is, by forming a non-stoichiometric perovskite
(BaTi1-xCuxO3-λ). The OL/Cu+Ti+Ba ratio (see Table 3), calculated from the peak area of O1sL
(lattice oxygen), Ti2p3/2, Ba3d3/2 and Cu2p3/2 transitions, is lower than that obtained for the 
BaTiref. This fact reveals that the introduction of copper into the perovskite lattice causes the 
generation of oxygen vacancies on the perovskite structure. Thus, even it is not possible to 
establish a correlation between the copper content and the OL/Cu+Ti+Ba ratio, all the values are 
lower for the copper perovskites. 
H2- TPR characterization.
The redox properties of BaTi1-xCuxO3 catalysts have been determined by Temperature 
Programmed Reduction with hydrogen (H2-TPR) and the H2 consumption profiles are included 
in Figure 4. The H2 consumption observed between 250 and 500ºC for all copper catalysts
corresponds to the reduction of copper species since almost null H2 consumption is shown by 
bare perovskite BaTi in this range of temperature. The molar percentage of reduced copper, 
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which is included in Table 1, increases with the copper content and this indicates that the 
reducibility of the catalysts is also improved with the percentage of copper. Most of the H2
consumption profiles shown in Figure 4 present two quite well-defined peaks between 280 and 
450 ºC which indicate the presence of two copper species with different reducibility. For the 
lowest copper content catalyst (BaTiCu0.5), only a very low intensity peak is observed around 
400ºC, however, as the copper content increases, a quite well-defined peak appears at lower 
temperature (around 300ºC) which intensity increases with the copper content. These copper 
species with different reducibility have to correspond with copper species with different 
electronic interaction with the perovskite detected by XPS. 
The peak appearing at 400ºC for the lowest copper content catalyst (BaTiCu0.5) could be
attributed to surface copper species with a weak electronic interaction with the perovskite, as its
reducibility is similar to that of the CuO used as reference. As copper content increases, this peak 
becomes a shoulder of the higher intensity peak appearing at lower temperature (300ºC) for 
BaTiCu1, BaTiCu2 and BaTiCu3 catalysts. The peak located at the lower temperature, whose 
intensity increases with the copper content, could correspond to the reduction of copper with a 
strong electronic interaction with the perovskite, and for hence more easily reducible [32, 61-63],
or to copper incorporated into the lattice. It has to be underlined that, though the copper 
incorporation generates a distortion of the structure creating oxygen vacancies, the coordination 
of copper in the perovskite structure keeps being higher than that of the CuO [64] and allows its 
reduction at lower temperature than the CuO used as reference (Figure 4). These H2-TPR results 
seem to confirm the conclusions obtained by XPS respect to the relationship between the copper 
incorporated into the perovskite structure and the copper content. In BaTiCu0.5 catalyst only one 
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surface copper species, called CuS in XPS (Figure 3a), is found and, for the other catalysts, two 
copper species, surface (CuS) and lattice (CuL), have been detected.
In addition, it is observed that all copper catalysts show a H2 consumption at temperatures above 
500ºC, probably due to the reduction and/or desorption of the oxygen surface species previously 
identified by XPS (Figure 3b). In order to prove this hypothesis, a Temperature Programed 
Desorption experiment in He was carried out for the BaTiCu2 catalyst, which presents a high 
concentration of surface oxygen species (Table 3). The TCD signal obtained, shown in Figure 5, 
presents a continuous increase from 350 ºC to 750 ºC that seems to be due to the desorption of 
oxygen surface groups. Thus, this result seems to confirm that the H2 consumption observed
above 500 ºC in the H2-TPR experiments corresponds to the reduction of oxygen surface groups.
Additionally, a high intensity peak is observed in both H2-TPR and TPD experiments at 
temperature higher than 750ºC, which corresponds to the decomposition of BaCO3 (detected by 
XRD and XPS).
NOx storage experiments under temperature programmed reaction
As a preliminary activity test, and in order to determine the optimal temperature for isothermal 
NOx storage experiments, temperature programmed reaction experiments have been carried out. 
These experiments also give valuable information about the NO to NO2 oxidation and about the 
NOx desorption.
Figure 6 presents the NOx conversion profiles obtained for all catalysts, including the 
commercial perovskite used as reference (BaTiref). It has to be considered that in Figure 6, the 
positive values of % NOx conversion indicate that NOx adsorption is taking place, while, the 
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negative values correspond to a NOx desorption process. Thus, at temperatures lower than 
500ºC, approximately, the NOx conversion profiles represent NOx adsorption profiles and, at 
temperatures higher than 500ºC, these profiles represent NOx desorption profiles. Bare 
perovskites (BaTi and BaTiref) show a null NOx storage capacity. After copper addition, the 
NOx adsorption takes place from 200ºC to 450ºC at which the NOx storage capacity maximum 
is achieved and, subsequently, the NOx desorption is observed between 500ºC and 620ºC with a 
maximum around 550ºC for all catalysts. 
A detailed analysis of the NOx conversion profiles for copper catalysts reveals the presence of 
two adsorption maxima at around 300 and 450ºC, which seems to indicate that different 
adsorption sites (related to the oxygen surface species detected by XPS) or different species 
(barium nitrites and/or barium nitrates) are formed on the catalysts surface [65, 66]. However, 
only one NOx desorption peak at around 550ºC is displayed, indicating that almost one NOx 
adsorbed specie is present at the desorption temperature. Note that the NOx conversion (due to 
NOx adsorption) increases with the copper content but a limit for BaTiCu2 catalyst seems to be
achieved (Figure 6).
For NOx adsorption process on alkaline oxides, two routes have been proposed [65, 66]: i) the 
formation of nitrates on the surface through the adsorption of NO2 (obtained by oxidation of NO) 
on the active sites of the catalyst surface (called “nitrate route”) and, ii) the adsorption of NO2
forming nitrites which will be further oxidized to nitrates on the catalyst surface (called “nitrite 
route”). The two adsorption maxima observed in Figure 6 seem to suggest that, for the BaTi1-
xCuxO3 catalysts, the two routes coexist during adsorption. The unique desorption maximum 
seems to reveal that, at the temperature of desorption, the main surface specie is barium nitrate
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which is consistent with the two routes proposed. Our first FTIR results [67] confirm this 
hypothesis, even though a detailed study of the mechanism using FTIR is mandatory. 
Additional information is obtained from the analysis of the NO2 profiles acquired during 
temperature programmed reaction experiments shown in Figure 7. Before doing the analysis, it 
has to be mentioned that the feed gas is a NO + O2 mixture with a NO2 concentration almost null. 
The oxidation of NO to NO2 is thermodynamically favored at low temperature but it is 
kinetically restricted and, consequently, controls the kinetic of the reaction at low temperature. It 
is observed that all catalysts tested seem to accelerate the NO oxidation to NO2 until around 
500ºC and, afterwards, the NO2 percentage decreases due to thermodynamic limitations. For this 
reason, all NO2 profiles present a maximum; below the maximum, the NO2 concentration is 
kinetically controlled and the catalyst determines the amount of NO2 emitted, and, above the 
maximum, the thermodynamic limits the NO2 production. Bare perovskites (BaTi and BaTiref)
are able to accelerate the NO oxidation to NO2, especially the BaTi perovskite, but, a higher NO 
to NO2 oxidation capacity is shown by BaTi1-xCuxO3 perovskites. 
Note that the NO2 profiles for BaTi1-xCuxO3 catalysts show a minimum for the temperature at 
which the NOx adsorption profiles achieved the maximum level. Also, it is observed a maximum 
at a temperature higher than the NO2 thermodynamic maximum (around 550ºC) which coincides 
with the temperature for the maximum of NOx desorption observed in Figure 6. From these 
correlations, it could be deduced that: i) the NOx adsorption depends on the NO2 generation 
because NO2 is more effectively adsorbed than NO and ii) the NO2 generation depends on the 
NOx adsorption process as NO2 is produced upon decomposition of adsorbed NOx species. For 
bare perovskites (BaTi and BaTiref) this correlation is not observed because these catalysts show 
a null storage capacity (Figure 6). 
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From these results it can be inferred that the NO2 generation pathway is different for bare than
for copper perovskites. For copper perovskites, once NO is oxidised to NO2, a fraction of the 
NO2 is adsorbed on the catalyst as barium nitrites and/or barium nitrates and it will be evolved 
only when the temperature needed for NOx desorption is achieved. As a consequence, the NO2
produced by copper catalysts should be higher than that shown by NO2 profiles in Figure 7. For 
bare perovskites, the absence of NOx adsorption sites (Figure 6) implies that all the NO2
generated is evolved (Figure 7). Comparing NO2 profiles of Figure 7, it seems that the NO2
percentage does not increase with the copper content. However, the NOx storage capacity 
(Figure 6) is larger for high copper content catalysts (BaTiCu2 and BaTiCu3) and, probably this 
compensates for the increase of the NO2 production.
Therefore, it seems that the copper incorporation into the perovskite structure generates active
sites for the NO to NO2 oxidation and for the NOx adsorption. Thus, in agreement with previous 
conclusions for SrTi1-xCuxO3 catalysts [33], copper has to be incorporated into the perovskite 
structure in order to enhance both the NO to NO2 oxidation and the NOx storage capacity.
NOx storage experiments under isothermal conditions.
Considering the above discussed results, NOx storage experiments at 420ºC (the temperature at 
which the maximum NOx conversion is achieved in Figure 6) have been developed using BaTi1-
xCuxO3 catalysts. Table 4 shows the amount of NOx stored (mol/gcatalyst), on the catalyst at 
420ºC calculated from NOx profiles (see experimental section for details) obtained during the 
tenth cycle at which the catalysts achieve a reproducible performance.  The NOx profiles are 
compared in Figure 8, where a sharp NOx decrease is observed as soon as the perovskite is put in 
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contact with the NO + O2 gas mixture due to the NOx chemisorption on the strongest adsorption 
sites generated during the reduction of the perovskite (see experimental section for details). 
Afterwards, the NOx storage decreases very slowly due to the adsorption on less active sites and,
then, it drops faster when catalyst surface is being saturated. The data of Table 4 reveal that the 
NOx storage capacity increases with copper content for BaTiCu0,5, BaTiCu1 and BaTiCu2 
whilst, for the highest copper content BaTiCu3 catalyst, the NOx storage capacity almost does 
not increase, staying close to 300 mol/gcatalyst.
The characterization results obtained indicate that the incorporation of copper into the perovskite 
lattice produces a distortion on the tetragonal structure, the creation of oxygen vacancies and 
promotes the segregation of some phases (CuO, BaCO3, TiO2 and Ba2TiO4). As a consequence 
of all these modifications, related with the interaction of copper, barium and oxygen inside the 
perovskite structure (which depends on the copper content), active sites for both NO to NO2
oxidation and for NOx storage are created on the copper perovskites. The direct implication of
BaCO3, widely reported in the literature as a NOx storage material[4, 68], in the increase of the 
NOx storage capacity of the copper catalyst seems not to be relevant because barium carbonate is 
also present in the bare perovskite (BaTi) and this catalyst presents a null NOx storage capacity 
(Figure 6).
The NOx storage capacity (obtained in similar experimental conditions that the used in this 
paper) reported in the literature for different catalysts is also compiled in Table 4 and ranges 
from 33 to 500 mol/gcatalyst. The amount of NOx stored at 420 ºC on the BaTiCu2 (the catalyst 
with the lowest copper content showing the highest NOx storage capacity), which is around 300 
mol/gcatalyst, is much higher than the corresponding to SrTi1-xCuxO3 catalysts due to the presence 
of Ba instead of Sr [32, 33]. Note that, this value is within the range of values reported for noble 
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metal/alkali or alkali earth based catalysts at 300ºC or 350ºC. It has to be underlined that the 
BaTiCu2 perovskite does not incorporate any noble metal, and therefore, could be a cheaper 
alternative to catalysts based on noble metal. Additionally, as this catalyst works at 420ºC and 
presents an acceptable NOx storage capacity, it could be used as the component of high-
temperature LNT for a lean burn gasoline engine (GDI gasoline direct injection) which needs 
catalysts working between 400 and 500ºC. For practical application, the NOx Storage Efficiency 
(NSE), which is the fraction of the NOx fed which is adsorbed during the adsorption step, is the 
most relevant parameter. Because this parameter is not high enough for the tested BaTi1-xCuxO3
catalysts (50% at the highest), we are working in order to optimize the catalysts performance. 
IV. Conclusions
From the results above discussed, the following conclusions can be extracted: 
 The synthesis method used to prepare BaTi1-xCuxO3 catalysts produces perovskites with a 
tetragonal structure.
 Two copper species with different electronic interaction with the perovskite, and hence 
with different reducibility, seem to exist on the catalysts surface. The fraction of copper 
with a stronger electronic interaction with perovskite (or incorporated into the perovskite 
structure) increases with the copper content. This is the fraction of copper which is 
reduced at lower temperatures. 
 The incorporation of copper into the perovskite lattice generates: i) a distortion of the 
tetragonal structure, ii) oxygen vacancies on the perovskite structure, iii) active oxygen 
species on the catalyst surface and, finally, induces the segregation of some species 
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(CuO, BaCO3, TiO2 and Ba2TiO4). As a consequence of all these modifications, active 
sites for the NO to NO2 oxidation and for the NOx adsorption are created on copper 
perovskite.
 The NOx storage capacity increases with the copper content until a limit is achieved for 
BaTiCu2 catalyst.
 The BaTiCu2 catalyst presents a NOx storage capacity at 420ºC around 300 mol/gcatalyst, 
which is within the range of values reported for noble metal-based catalyst.
 The BaTi1-xCuxO3 catalysts show an acceptable NOx storage capacity and could be used 
as the component of high-temperature LNT for a lean burn gasoline engine (GDI gasoline 
direct injection, which needs catalysts working between 400 and 500 ºC), even though the 
NSE need to be optimized.
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Table 1. Molecular composition, BET surface, copper content, molar % of Cu reduced during H2-TPR, average crystal size, cell 
parameters, FWHM (200)/(111) ratio and crystalline structure for the BaTi1-xCuxO3 catalysts.
Catalyst
Molecular
composition
BET Surface 
area (m2/g)
Nominal 
Cu (wt %)
ICP Cu
 (wt %)
Cu reduced
during H2-TPR
(molar %)
Average 
crystal size 
(nm)
a (Å) c (Å)
FWHM 
(200)/(111)
Crystalline 
stucture
BaTiref BaTiO3 - - - 29 4.011 4.005 1.48 T
BaTi BaTiO3 9 - - 29 4.011 4.007 1.27 T
BaTiCu0,5 BaTi0.95Cu0.05O3 13 1.4 1.4 63 35 4.007 4.009 1.31 T
BaTiCu1 BaTi0.9Cu0.1O3 16 2.7 2.7 88 38 4.008 4.009 1.44 T
BaTiCu2 BaTi0.8Cu0.2O3 21 5.4 5.4 93 38 4.008 4.008 1.44 T
BaTiCu3 BaTi0.7Cu0.3O3 26 8.0 8.0 85 38 4.008 4.009 1.55 T
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Table 2. XPS Characterization of the copper species for the BaTi1-xCuxO3 catalysts
Cu 2p3/2 level
Catalyst Cus (eV) Area CuL (eV) Area 
Cu/
[Ba+Ti+Cu] 
(XPS)
Cu/
[Ba+Ti+Cu] 
(nominal)
Cu+Ti/
Ba
BaTiref - - - 0.977
BaTi - - - 0.720
BaTiCu0,5 933.8 100 % - 0.025 0.025 0.450
BaTiCu1 933.5 57 % 935.2 43 % 0.051 0.05 0.555
BaTiCu2 933.5 55 % 935.2 45 % 0.064 0.1 0.491
BaTiCu3 933.7 47 % 935.6 53 % 0.144 0.15 0.366
Table 3. XPS Characterization of the oxygen species for the BaTi1-xCuxO3 catalysts.
O 1s level
Catalyst
OL (eV) Area O* (eV) Area H2O (eV) Area
OL/
(Ba+Ti+Cu)
BaTiref 529.8 63 % 532.0 () 37% - 2.051
BaTi 529.9 65 % 532.0 35 % - 1.78
BaTiCu0,5 529.7 43 % 531.9 53 % 533.9 4 % 1.34
BaTiCu1 529.9 50 % 532.0 45 % 534.0 5 % 1.5
BaTiCu2 529.9 44 % 532.0 51 % 534.0 4 % 1.46
BaTiCu3 530.0 39 % 532.1 57 % 534.1 5 % 1.24
Table 4. Comparison of the NOx storage capacity data.
Experiment conditionsCatalyst NOx storage 
capacity 
(µmol/g)
Temperature 
(ºC)
Lean cycle 
time (s)
Ref.
BaTiCu0,5 130 420 300
BaTiCu1 230 420 300
BaTiCu2 292 420 300
BaTiCu3 300 420 300
SrTi0.89Cu0.11O3
* 33 300 300 [32]
1% Pt/20% BaO/Al2O3 150 350 120 [68]
2.2% Pt/16.3% BaO/Al2O3 400 350 240 [69]
2.2% Pt/16.3% BaO/Al2O3 500 350 480 [69]
2.9% Pt/20.8% BaO/Al2O3 240 300 240 [70]
1% Pt/5% CaO/Al2O3 180 300 450 [71]
1% Rh/5% CaO/Al2O3 280 300 450 [71]
1% Pd/5% CaO/Al2O3 97 300 450 [71]
*Calculated from the first 300 seconds of the experiment in order to compare with our experiment conditions time
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Figure 1a. XRD diffractograms of the BaTi1-xCuxO3 catalysts. ● BaTiO3, ▼ TiO2, ▲ CuO, ■ 
Ba2TiO4, ♦ BaCO3.
Figure 1b. Magnification of the XRD diffractograms to identify the (110), (111) and (200) 
perovskite peaks.
Figure 2. Raman spectra of the BaTi1-xCuxO3 catalysts.
Figure 3. a) Cu 2p3/2 XPS transition of the BaTi1-xCuxO3 catalysts and b) O1s XPS transition of
the BaTi1-xCuxO3 catalysts.
Figure 4. H2-TPR profiles of the BaTi1-xCuxO3 catalysts.
Figure 5. TPD profile of the BaTi0.8Cu0.2O3 catalyst.
Figure 6. NOx conversion profiles of the BaTi1-xCuxO3 catalysts during temperature programmed 
reaction. (Experiments were carried out under a gas flow (500 ml/min) containing 500 ppm NOx, 
5 % O2 in N2 balance.)
Figure 7. NO2 generation profiles of the BaTi1-xCuxO3 catalysts during temperature programmed 
reaction. (Experiments were carried out under a gas flow (500 ml/min) containing 500 ppm NOx, 
5 % O2 in N2 balance.)
Figure 8. NOx adsorption profiles of the BaTi1-xCuxO3 catalysts during the tenth storage-
reduction cycle at 420 ºC. (Experiments were carried out using 500 ppm NOx + 5% O2 in N2
balance for 5 minutes, as lean conditions and 10% H2 in N2 balance for 2 minutes, as rich
conditions.)
Page 31 of 38
Ac
ce
pte
d M
an
us
cri
pt
31
Fig.1
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Fig.2
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